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AFRODYNAMIC CHARACTERISTICS AT HIGH ARD LOW SUBSONIC MACE
NUMBERS OF FOUR NACA 6-SERIES ATRFOIL SECTIONS AT
ANGLES OF ATTACK FROM ~2° TO %1°

By Homer B. Wllson, Jr., and Elmer A. Horton
SUMMARY

A two-dimensionsl wind-tunnel investigation has bheen made of four
symmetrical NACA 6-series airfoil sections, 6, 8, 10, and 12 percent
chord thick in the Langley low-turbulence pressure tunnel for Mach num-
bers from 0.3 to that for tunnel choke and for angles of attack from -2°
to 31°. 'The results of the tests indicate that, for Mach numbers up to
about 0.7, the sectlon 1lift characteristics are essentially independent
of airfoil thickness within the range of thickness ratios and angles of
attack tested, except for the higher maximum 1ift coefficient exhibited
by the NACA 647-012 airfoil section. The results also indicate that the
section drag characteristics were comparatively Independent of airfoil
thickness within the range of Mach numbers tested for angles of attack
above a value of about 8° greater than that for initiasl stall.

The position of the center of pressure was approximately constant at
the 25-percent-chord station for angles of attack up to sbout 8° for the
range of Mach numbers investigated. Increasing the angle of attack from
about 8° to approximately 16° resulted in a rearward shift in the position
of the center of pressure to sbout the h2-percent-chord station where it
remained approximately constant to an angle of attack of 30° or 31°. The
effect of Mach number 1s to produce a more gradusl rearward shift in the
position of the center of pressure. The break in the curve of pitching
moment plotted against angle of attack was stable in &all cases. It
sppears that the divergence Mach number 1s slightly higher for the
pitching-moment coefficient than for the drag coefficient.

The addition of leading-edge roughness to the airfoll section
resulted 1n a noticeable reduction in maximum 1ift at high subsonic Mach
nurbers and a large increase In the drag coefficient for angles of attack
below stall. At angles of attack greater than that for initial stall,
the addition of leading-edge roughness did not result in any significant
changes in the aerodynamic characteristics throughout the range of Mach
nupber Ilnvestigated.



2 L NACA RM L53C20
INTRODUCTION

The increasing speed of helicopters and consequently their rotor
blades has intensified the need for alrfoil section data at high sub-
sonlc Mach numbers throughout the angle-of-attack range at which the
helicopter rotor blades operate. Although numerous high-speed airfoil
sectlon data are available through a limited angle-of-attack range, no
high-speed data exist for angle-of-attack end Mach number combinations
which may be encountered in certain high-speed-rotor design conditions.
An investigation has therefore been made In the Langley low-turbulence
pressure tumnel to provide alrfoil sectlon data through s wide range of
angle of attack for & series of alrfoll sections which might be used in
helicopter rotor blades. The airfoll sections tested, which d&iffer only
in thickness ratio, were the NACA 64-006, 64-008, 64-010, and 643-012.
Lift, drag, and pitching-moment data were obtained for Mach numbers of
0.3 to that for tunnel choke at angles of attack of -2° to 31°. The
results of this investigation are reported herein.

SYMBOLS
cy section 1lift coefficient, 1/qc
1 section 1ift, 1b/ft of span

c airfoil chord, ft

free-stream dynamlc pressure, oV2/2, 1b/sq ft

v free-stream velocity, f£t/sec

o free-stream mass Hensity, slugs/cu £t

Cimax maximm section 1ift coefficient before stall

cdq section drag coefficient, d/qc

a section drag, 1b/ft of span

cmc/h section pltching-moment coefficlient about quarter~chord point
(o' sectlion angle of attack, deg

R Reynolds number based on airfoll chord and free-stream velocity
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M free-stream Mach rumber, V/a

a free-stream speed of sound, ft/sec
Pg stagnation pressure, in. Hg

Tg stagnation temperature, °F

APPARATUS, TESTS, AND METHODS

Wind tunnel.- The present Investigation was conducted in the Langley
low-turbulence pressure tunnel which has a test section 3 feet wide and

7% feet high. This tunnel was originally designed and has been operated

for a number of years as a low-speed, high Reynolds number facility. At
the present time, the tunnel 1is also operated as a high-speed research
facility with Freon-12 gas replacing air as the test medium. Since the
speed of sound In Freon 1s only about one-half of that in air, choking
Mach numbers can be obtained 1In the test section with the original drive
motor.

For the present investigation, the Mach number varied from approxi-
mately 0.3 to that for tunnel choke. The range of Reynolds numbers was
determined by the absolute pressure of the tunnel. The present investi-
gation was conducted at absolute pressures of approximately 6 and
11 inches of mercury and with a Freon purity of approximately 95 per-
cent by weight. The variation of the Reynolds number per foot of chord
with Mach number obtelnsble at the two tunnel pressures is shown in
figure 1.

Models and test methods.- EBach of the two-dimensional models tested
in the investigation had a 1l-~foot chord and completely spanned the 3-foot
dimension of the tunnel. The NACA 64-006 section was machined from solid
steel and the NACA 64-008, NACA 64-010, and NACA 647-012 sections were

machined from solid dural. The ordinates for eackh of the sections are
presented in table I. A photograph of one of the models mounted in the
tunnel 1s shown in figure 2. The ends of the model passed through slots
in the tunnel walls; one end of the model was mounted through a universal
Joint to a semispan balasnce and the other end was plvoted in a self-
alining bearing. A labyrinth-type seal was provided at each end of the
model to minimize the effect of leakage through the slots in the tunnel
walls. With this mounting arrangement, the model is essentially a
simply supported beam in both the 11ft and drag directions and free of
restraint in roll and yaw (as far as the balance is concerned). Thus,
the semispan balance measures one-hslf the 1lift end drag and all of the
piltching moment. A sketch showing the relstionship between the ends
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of the model, the tunnel wall, the labyrinth seal, the mounting pivot,
and balance 18 presented in figure 3.

The semispan balance was employed for making all the 1ift, drag,
and piltching-moment measurements of the present investigation. The
1ift end drag as messured by the semispan balance have been shown in
reference 1 to be in good agreement with the 1ift and drag determined
by integrating the pressures along the floor and ceiling of the tunnel
and the wake-survey method, respectively.

Tests.- The investigation consisted of measurements of the 1lift,
drag, and pitching-moment of the NACA 64-006, 64-008, 64-010, and 64;-012

airfoil sections throggh an angle-of-attack range of -2°0 to 31°. The
Mach number xaried from 0.3 to that for tunnel choke. The Mach number
for tunnel choke is shown in figure 4 as a function of angle of attack
and model thickness ratio. Because of the limitations of the semispan
balance, the tests were made at two stegnation pressures, that is, for
two ranges of Reynolds number. The Reynolds number is shown in figure 1
as a function of Mach number for a constant stagnation temperature and
the two stegnation pressures used in this investigation. For angles of
attack of -2° to 13°, a stegnation pressure of sbout 11 inches of mercury

was used and the Reynolds number varied from approximately 2.0 X 106 to
5.0 X 109. For angles of attack of 13° to 319, a stagnation pressure

of about 6 inches of mercury was used and the Reynolds number varied

from epproximately 1.0 X 106 to 2. 3 % 106 The correspondence between
Reynolds mumber and Mach nunber shown in figure 4 does not necessarily
represent the exact test conditions of the present Ilnvestigation because
of variations in stagnation temperature, total pressure, snd Freon purity.

* Measurements were made of the 1ift, drag, and pltching moments for
the models in the aerodynamically smooth condition and with leading-edge
roughness. The leading-edge roughness consisted of 0.0ll-inch-diameter
carborundum grains spread over s surface length of 8 percent of the chord
‘back from the leading edge on the upper and lower surfaces. The grains
were thinly spread to cover from 5 to 10 percent of this areQJ/'One model,
‘the NACA 6L41-012 airfoil section, was also tested with a strip of rough-

ness extending chordwise for 1/h inch along the upper and lower surfaces
of the model beginning et the 20-percent-chord station.

Corrections.- All the data presented herein have been corrected
for tunnel wall effects according to the methods of references 2 and 3.
The maximum tunnel wall corrections were of the order of 9 percent for
the 1ift, drag, and pitching-moment coefficient. Corrections were also
applied to all data of the present investigation to convert the data
obtained in Freon to equivalent air data. These corrections are discussed
in reference 4. The magnitude of the corrections was rather small. For
example, the measured Freon Mach number differed by only about 3.0 percent
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from its equivalent air Mach number and the measured 11ift, drag, and
pitching-moment coefficient differed by as little as 5, 3, and LI percent,
respectively, from their equivalent values in air. The highest Mach num-
bers for which data are presented correspond to the tunnel choked condi-
tion. The highest Mach number for which the data may be conslidered
reliable is open to some question. A Mach number of 0.0% less than that
for choke, however, has oftentimes been considered as a rough upper limit
beyond which 1little confidence should be placed in the results.

Precision of measurement.- The balance emplayed in the present
investigation was designed to measure drag forces to within 1/2 pound,
1ift forces to within 1.5 pound, end pitching moments to within 3 inch-
pounds. On the basls of these limits, the accuracy of the measurements
for various test conditions is indicated in the following table:

Accuracy of Measurements
M a
(approx. ) lb/sa £t €1 do e /iy
0.3 35 t0.013 £0.0030 +0.003
67 175 *.003 t.0006 t.001
85 260 t.002 t.0004 +.001

For steaedy flow conditiomns, that is, for angles of sttack below the
stall, the repeatability of the data and the comparison of results for
the different airfolls indicated that the accuracy of the measurements
was considerably better than is indicated by the preceding table.

In the early stages of the lnvestigation, it was noted that the
variation of the force and moment coefficients with Mach number was
somevwhat erratic for angles of attack in the viclnity of and above the
stall. In an attempt to obtain an average variation of the force and
moment coefficlents with Mach number, the force and moment coefficients
were measured at 0.005 increments in Mach number. The curves presented
herein represent an average of the date obtained with some typical dats
points plotted. The scatter of the most random date points (not shown)
was approximately 5 percent of the faired curves of the 1lift, drag, and
pitching-moment coefficients. Most of the data points, however, fell
within a band about iI2 percent of the faired curves.
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RESULTS

The test results are presented in figures 5 to 8 in the form of
standard coefficients representing the 1lift, drag, and pitching moment
(about the quarter chord) plotted against Mach number at Reynolds num-
bers varying from 1.0 X 106 to 5.0 X 106 and Mach nurbers varying from
approximately 0.3 to that for tunnel choke. To facilitate the use of
the data, the following additionsl figures (9 to 16) have been prepared
using Mach number as the parameter: section 1ift coefficient (fig. 9),
section drag coefficient (fig. 11), end the chordwise position of the
center of pressure (figs. 9 and 14) plotted sgeinst sngle of attack;
section pitching-moment coefficients (about the quarter chord) (figs. 12
and 13), and section drag coefficient (figs. 15 and 16) plotted against
1ift coefficient. The lift-curve slope as a function of Mach number is
presented in figure 10.

DISCUSSION

Lift Coefficient

The varlation of the section 1ift with Mach number for all airfoil
sections tested is shown by figures 5(a), 6(a), 7(a), and 8(a). For
angles of attack up to sbout 14C, the 1lift coefficient 1is relatively
independent of Mach number up to values as high as 0.65 to 0.75. For
these angles further increase 1n the Mach number resulted in a sharp
increagse in the 1ift coefficlent up to the divergence Mach number after
which the 1lift coefficlent decressed with increasing Mach number and
continued to decrease with increasing Mach number up to the higheat Mach
nunber attained in this investigation. At angles of attack of 14° to
229, the variation of the lift coefficient with Mach number is somewhat
erratic, but indicates a general increase with Mach number. For angles
of attack above 22° the curves are less erratic but show the same gen-
eral increase.in 1lift coefficilient with Mach number. At an angle of
attack of 13° or 14°, data were taken for the two ranges of Reynolds
nunmber. The resulis did not show any consistent variation of the coeffl-
cients with Reynolds number.

Lift-curve slope.- The increase in lift-curve slope, usually essoci-
ated with an increase in Mach number 1s shown in figure 10, which is &

plot of <§Sl) as a function of Mach number for the alrfoll sectlons
o=0°

tested. The slope of the lift curve (fig. 9) is essentially constant
from O° to 8° and increases with increasing Mach number for all airfoil
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sections tested. For example, increasing the Mach number from 0.3 to 0.8

de
increased the value of [—=t from 0.11 per degree to 0.21 per degree
A0 }y— o

for the NACA 64-006 airfoll section (fig. 10). The incremental increase

d
in the value of (-El) seems to be relatively independent of the
a=0°

thickness of the sirfoll sectlon for Mach numbers less than 0.75.

For angles of attack above about 8°, the slope of the 1lift curves
decreased with increasing angles of attack to stall (fig. 9). As would
be expected, the value of dcz/dob becomes negative after stall or
maximm 1ift, and remains negative for angles of attack approximately 8°
above that for stall. A further increase in the angle of attack results
in a positive but varying value of dcz/dab which remains positive to

the highest angle of attack attained in this investigation.

Maximm 1ift coefficient.- The increase in the maximum lift coceffi-
cient (the highest 1ift coefficient obtained before stall) as the thick-
ness ratio is increased from 6 to 12 percent chord for Mach numbers less
than 0.15 reported in the Investigation of reference 2 was not shown in
this investigation for a Mach number of 0.3 (fig. 9). This decrease in
the effect of increasing thickness on meximm 1ift coefficient is shown
in reference 5 to be a result of increasing Mach number. For example,
figure 6 of reference 5 shows that increasing the Mach number from 0.10
to 0.30 resulted in a decrease in the maximm 1ift coefficlent of moder~
ately thick airfoll sections and a substantial reduction in the effect
of thickness on the maximm l1ift coefficlent at Reynolds number approxi-
mately equal to those of the present investigation. In view of these
results from reference 5, the absence of substantisl increase in the
maximum 1ift coefflcient with increasing thickmess at M = 0.3, shown
by the data of figure 9, was to be expected. For a constant thickness
ratio, the maximm 11ft coefficlent was also relatively unaffected for
Mach numbers up to about 0.60; however, at Mach numbers greater than 0.60,
the maximm 1ift coefficient showed & definite increase with increasing
Mach number. The angle of attack for maximm 1ift generally decreased
with increassing Mach number. For angles of attack greater than about 8°
gbove the stall angle, the 1lift coefficlent increased with increasing
angle of attack and continued to increasse to the mexlimum angle of attack
obtained in this investigation. The value of the 1lift coefficient st
the maximm angle of attack obtained in this investigstion was in all
cases greater than Clmax®

The effect of Increasing thickmess on the 1ift characteristics of
the airfoil sections tested is summarized in figure 11 for several Mach
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numbers. These data Iindicate no consistent variation of the 1ift cher-
acteristics with increasing thickness for angles of attack greater than
about 8° above that for stall; however, at stall, the NACA 6431-012 air-
folil section showed & slightly higher maximm 1ift coefficient for Mach
numbers up to 0.6.

Pitching Moment

The variation with Mach number of the quarter-chord pitching-moment
coefficient cmep, is shown in figures 5(c), 6(c), T(c)}, and 8(c). The

erratic variations shown in the 1lift curves for angles of asttack between
16° and 22° are not as apparent in the pltching-moment curves. For angles
of attack between 22° and 31°, no definite break in the pitching-moment
curves occurred before the choke Mach number was reached. From a com-
parison of the data presented in Pigures 5 to 8, it appears that the
divergence Mach number occurs at a slightly higher value for the pltching-
moment coefficient than for the drag ccefficient.

The variation of the pitching-moment coefficients about the quarter
chord cmc/h with 1ift coefflcient is shown in figure 12. The values of

the pitching-moment coefficlent and the slope of the pliching-moment
dec !) |
polar e, are constent and essentially zero for 1ift coefficients

up to about 8 percent less than those for S lmax for Mach numbers less

dc
than 0.80. At a Mach number of 0.80, the value of —EZ%ZE is generally

negative for all airfoil sections at lift coefficients up to about 8 per-
cent less than that for stall. Increasing the lift coefficient to values
in the vieinity of stall results in & break in the pitching-moment polar
which in all cases was stable. At 1ift coefficlents immediately above
stall, the variation of the pltching moment 1s somewhat erratic; however,
if the angle of attack is increased to wvalues of about 8° or more above

dec A

that for stall, the values of 3
c1

and cmc/h are negative and
verying but less erratic.

A comparison of the pitching-moment charsascteristics of all airfoil
sections tested in the smooth condition is shown 1n figure 13. In gen-
eral, these deta iIndicate that the pltching-moment characteristics are
essentially the same for all airfoll sections tested with the exception
of a delsyed breek in the pitching-moment curve for the NACA 6&1-012 air-

foll section for Mach mubers from 0.3 to 0.70.
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Center of pressure.- The variation of the center-of-pressure posi-
tion for all airfoil sections tested is shown in figure 9. Figure 1k,
a plot of the position of the center of pressure as a function of angle
of attack for all the airfoils in the smooth condition, indicates that
the position of the center of pressure is relatively constant at the
25-percent-chord station at angies of attack up to about 6° to 8° for
all Mach mubers tested. For angles of attack from 6° to 8° to approxi-
mately 16°, the center of pressure shifts rearward, with the rearward
shift being less for the thicker sections st low Mach numbers. At angles
of attack sbove 16° the center of pressure is approximately constant
at its most rearwsrd position at about the h42-percent-chord station.
Increasing the free-stream Mach number from 0.30 to 0.70 seems to result
in a more gradual rearwerd shift in the position of the center of pres-
sure. The effect of increaging thlckness seems to be a slightly delayed
break in the center-of-pressure curve for the NACA 643-012 airfoil sec-
tion at Mach mumbers less than 0.60. Otherwise there seems to be no
significant difference in the center-of-pressure characteristics asso~
cisted with increasing thickness ratlio for the airfoil sections tested.

Drag Characteristics

The effect of increasing Mach number on the drag characteristics is
shown in figures 5(b), 6(b), 7(b)}, and 8(b). At angles of attack of -2°
to 15°, the drag coefficient is essentially independent of Mach mumber
until the force-break Mach nurber is attained, then the drag coefficlent
increases rapidly. For angles of attack from 16° to 24°, the curves are
somevhat erratic in variation but show s general Increase of drag with
Mach number. The same general increase in drag wilith Mach number is shown
for angles of attack between 24° and 31° but the curves are less erratic
than those for angles of attack of 16° to 24°.

The lift-drag polars for the four airfoil sections tested are pre-
sented in figure 15 for a series of Mach numbers. The polars are plotted
with two different scales for each Mach number presented: One scale,
the larger of the two, permits the comparison of the minimum drag char-
acteristlics of the models tested; whereas, the small scale was used in
order to present the drag data for the complete range of lift coefficients
investigated. The lift-drag polars, presented in figure 15 indicate a
small increase in the minimum drag coefficlent cg, with increasing

thickness ratlio and Mach number up to the divergence Mach number.

In order to aid in comparing the section drag characteristies
through a complete range of angles of attack and 11ft coefficient, the
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variations of section drag coefficlent with angle of attack and 1lift
coefficient for several Mach numbers are presented in figures 11 and

16, respectively. The data have been plotted to & smell scale in order
toc show the high section drag coefficients at high 1lift coefficients and
angles of attack since a comparison of the minimum drags can be cbtained
from figure 15. Figure 11, a plot of section drag coefficient of each
of the airfolls Investigated against angle of attack for several Mach
numbers, shows that the shape of the section drag curves is essentially
the same for all of the airfoil sections through the range of angle of
attack and Mach numbers tested. The drag polars, shown in figure 16,
indicate that the NACA 647-012 airfoll section has the largest lift-drag
ratio for Mach numbers up to about 0.70 whereas for higher Mach numbers
the NACA 64-006 airfoil section has, in general, the highest lift-drag
ratio.

Effect of Roughness

Lift and pitching-moment characteristics.- The addition of roughness
to the leading edge of the airfoll sections tested d14 not produce any
significant effects on the 1ift characteristics at low subsonic Mach
numbers (M = 0.3 to 0.5) for any of the four asirfoil sections tested
(fig. 9). Similar results were obtained in reference 5 in which the
meximm 1ift coefficient of several roughened airfoils for Mach numbers
as high as 0.45 was shown to be essentislly unaffected by increasing
Mach number. At high subsonic Mach numbers (M = 0.6 to 0.8), the addi-
tion of leading-edge roughness resulted in a noticeable reduction in the
maximm 1ift coefficilent (fig. 9) and consequently an earlier break in
the pitching-moment curve (fig. 12) for all models tested. The addition
of a spanwise roughness strip at the 20-percent-chord position on the
NACA 6471-012 airfoil section did not apprecisbly affect the lift, pltching-

moment, or center-of-pressure characteristice throughout the Mach number
range investigated.

Drag characteristics.- From figures 5(b), 6(b), 7(b), and 8(b), it
is seen that the addition of leading-edge roughness had practically no
effect on the drag divergence Mach number but did result in large increases
In drag coefficient at Mach numbers below drag divergence, at least for
the lower angles of attack below that for stell. For 1lift coefficilents
beyond that for stall, there is, 1n general, no consiptent increase or
decrease in the drag coefficlent attributable to the addition of leading-
edge roughness (fig. 15). The aadition of a roughness strip at the
20-percent~-chord station produces the same general effect on the drag
characteristiecs as 414 leading-~edge roughness, but is less severe.
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CONCLUDING REMARKS

The NACA 64-006, 64-008, 64-010, and 641-012 airfoll sections have
been investigated in the Langley low-turbulence pressure tunnel for Mach
numbers from 0.3 to that for tunnel choke and for angles of attack from
-2° to 31°. The results of the tests Indicate that, for Mach numbers up
to about 0.7, the section 1lift characteristics are essentially independent
of airfoil thickness within the range of thickness ratios and angles of
attack tested, except for the higher maximum 1ift coefficient exhibited
by the NACA 643-012 airfoil section. The results also indicate that the
section drag characteristics were comparatively independent of airfoll
thickness within the range of Mach numbers tested for angles of attack
sbove a value of about 8° greater than that for initial stall.

The position of the center of pressure was approximately constant
at the 25-percent-chord station for asngles of attack up to about 8° for
the range of Mach numbers investigated. Increasing the angle of attack
from about 8° to approximately 16° resulted in a rearward shift in the
position of the center of pressure to about the 42-percent-chord station
vhere it remained approximately constant to an angle of attack of 30°
or 31°. The effect of Mach number is to produce a more gradual rearward
shift in the position of the center of pressure. The bresk in curve of
pitching moment plotted against angle of attack was stable in all cases.
It appears that the divergence Mach number is slightly higher for the
pltching~moment coefficlent than for the drag coefficient.

The addition of leading-edge roughness to the airfoil section
resulted iIn a noticeable reduction In maximm 1ift at high subsonic
Mach numbers and a large increase in the drag coefficient for angles of
attack below stall. At angles of attack greater than that for initisl
stall, the addition of leading-edge roughness did not result in any
significant changes in the aerodynamic characteristics throughout the
range of Mach numbers investigated.

Iangley Aeronautical lLaboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va.
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TABLE I

COORDINATES OF NACA AIRFOIL SECTICNS TESTED

(Dimensions given in percent chord)

Chordwise Upper and lower surface ordinate
station 6006 | 6U=008 | 6U4=010 | 6L47~012
0 0 woL 0 c 0 0 .
.5 .49 .658 .820 .97
<75 «596 . 794 .989 1.179
1.25 . 754 1.005 1.250 1.490
2.5 1.024 1.365 1.701 2.035
5 1.405 1.875 2.343 2.810
7.5 1.692 2.253 2.826 3.394
10 1.928 2.5£ 3.221 3.871
15 2.298 3.069 842 620
20 2.572 3.&3& «302 5el73
25 2.772 3.70 u.szg 5.576
30 2.907 3.884 .86 5.8L14
5 2.981 3.979 4.980 5.978
0 2.995 3.992 4,988 5.981
U5 2.919 3.8¢8 4, guz 5.128
50 2.775 2.68 L.586 5480
55 2.575 3,411 L.238 E.ogg
60 2.231 3.081 3.820 5
65 2'038 2.704 2.30L5 3.974
70 1.£ 2.291 2.827 3.250
75 1.412 1.854 2.281 2.695
80 1.072 1.0 1.722 2.02%
85 <737 «961 1.17 1.382
90 123 550 <671 .786
95 157 .206 o2 288
100 o 0 0
L. E. rad. 0.256 0.U55 0.720 1.040
T:E@§;7

13
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Figure 2.~ Photograph of a model as mounted in the langley low-turbulence
pressure tunnel.
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Figure 3.~ Schematic drawing of model mounted in tunnel for force and
moment measurements employing strain-gage balance.
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Figure 4.- Variation of the Mach number at which the tunnel choked with
angle of attack for four NACA 6-series airfoil sections.
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18 ] NACA RM 153C20

"Plain’ s;imllxolls denote cerody'nar'nic'ollit smooth condition
Flagged symbols denote leading—-edge roughness
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(2) Variation of section 1ift coefficient with free-stream Mach number.

Figure 5.- Effect of leading-edge roughness upon the high-speed aerodynamic
characteristics of the NACA 64-006 airfoll section at various angles of
attack.
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NACA RM 153C20

Plain symbols denote aerodynamically smooth condition '
Flagged symbols denote leading-edge roughness
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(b) Variation of section drag coefficient with free-stream Mach number.

Figure 5.- Continued.



Section quarter-chord pitching-moment coefficient, Cmg /4

Plain symboals denote aerodynamically smeoth condition
Flogged symbels denote leading-edge roughness
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Figure.5,- Concluded.
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Plain symbols denote aerodynamically smooth condition
Flogged symbols denote leading-edge roughness
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(a) Variation of section 1lift coefficient with free-stream Mach number.

Figure 6.- Effect of leading-edge roughness upon the high-speed aerodynamic
cheracteristics of the NACA 64-008 airfoill section at various angles of
attack.
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Plain symbols denote aerodynamically smooth condition J
Flagged symbols denote leading-edge roughness -4
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Section quarter-chord pitching -moment coefficient, Cme /g

Plain symbols denote oerodynomically smooth condition
Symbols with one flag denote leading-edge roughness
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2k RS RE NACA RM L53C20
Plain symbols denote aerodynamically smooth condition
Flagged symbols denote leading-edge roughness
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- Plain symbols denote aerodynamically smooth condition [ i ! 7 |
Flagged symbois denote leading-edge roughness a-3 I-! e T
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Section quarter-chord pitching-moment coefficient, Smg sq

Plain symbols denofe aerodynamically smooth condition
Flagged symbols denote leading-edge roughness

Section quarter-chord pitching—moment coefficient, Sm,sq
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T 1 LR T T T . T 1 T 1.
,L ; i i Plain symbols denote aerodynamically smlooth condition
- T [ iSymbols with one flag denote leading-edge roughness
j | 7Symbols wnfh two flags denote roughness strip 01 20 percent chord
S S L P |
T T T o e R=10x10% to 2.4 x1c° ~]
. _a-18— . o Q ~———- R zleo‘smsomo6 .
SR . o O 2 | |
5 ; I a 4 | +
¢ 6 [
> 8 .
4 10 t
v 12 .
N 14
N 16
4 18
g 20
q %2 !
D 4 7
40 '
a 26 26 T
o 28
o 30 aaagﬁtf
%’- N O 0o
2 24 et
e &4-_ ; . l
§ < O : l — _:‘F (';. DO _—[ [ ﬂ
£ 1 # t Ll
P I S < 1% g2 42> Dt
§ pEsbilalal J41E 7
;‘l-’; v 012 - phoind o § apl.2 ; r r
: £ —20° ;
1.G 1= l.O— N
' AR 5 A e
.8 6 AN © no .
q 0 l— =¥ - ‘b . (?) (o] 8| ! ‘71;
‘r_ T -F A‘:‘ 7
6 \4: i N AT 2 T A & L | 6
oL 1T T L I
>4 4 ; b Q a
° 2' R ) > 0 r
2 i i e e i 2
o faucak <
vAOOo Ofs ;:_, Eoas e Bls et %— o 0
P £ 2 AR |
! 6_L :ﬂ-’ '?}8}0“_ \-Eé‘ 1 . A
-4 11 ' il 4 HEREE
T2 3 4 5 B8 7T 8 9 2 3 4 5 &6 7 8 9
Mach number, M Mach number, M

(a) Variation of section lift coefficient with free-stream Mach number.

Figure 8.~ Effect of roughness upon the high-speed aerodynamic character-
istics of the NACA 611-]_-012 airfoll section at various angles of attack.
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Plain symbols denote aerodynamically smooth condition
Symbols with one flag denote leading-edge roughness
Symbols with two flags denote roughness strip at 20 percent chord
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Figure 8.- Continued,



Plain symbols denote cerodynamically smooth condition
Symbols with one flag denote leading-edge roughness
Symbols with two flags dencte roughness strip of 20 percent chord

-moment coefficient, Gy /4
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Figure 8.- Concluded.
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